Surface acoustic devices have been shown to be suitable not only for signal processing but also for sensor applications. In this paper high temperature surface acoustic wave devices based on gallium orthophosphate have been fabricated, using a lift-off technique and tested for high frequency applications at temperatures up to 600
Introduction
The surface acoustic wave (SAW) effect has been used as the main principle for devices that have been successfully applied to the processing of electrical signals for more than 30 years. They are particularly prevalent in the telecommunication industry because of their high performance, small size, and high reproducibility. Also due to their high accuracy and crystal stability over time, SAW devices are suitable for sensor applications such as pressure sensors, biosensors, temperature sensors and mass sensors.
With the correct choice of materials it is possible to fabricate SAW devices that are capable of operating in high temperature environments up to 600 • C. When operating frequencies are inside the ISM-band (around 434 MHz), they are of interest to industrial sectors such as aerospace, power * Corresponding author. plants, chemical and petrochemical plants and the nuclear sector. The overall performance of these devices in high temperature applications depends greatly on the choice and cut of the piezoelectric material and the metallisation used [1] .
To fabricate the devices that will operate at the frequencies mentioned above, the mass loading effect of the electrode mass has been studied. By adding or reducing the mass of the electrode a convenient means of frequency adjustment can be achieved [2, 3] . But the device stability especially at high temperatures and in harsh environments also needs to be investigated due to change in performance under such conditions [4] .
From a study carried out by Lewis [5] , the mass loading effect of a typical piezoelectric plate resonator consisting of a piezoelectric substrate disk, such as quartz with metallic electrodes on the top and bottom, can be written as where ρ e and t e are the electrodes layer density and thickness, ρ s and h are the mass density and height of the piezoelectric substrate.
In our case, the electrodes of the resonator were fabricated as an interdigital transducer (IDT) grating consisting of two different layers of material (Pt with a Ti under layer). So Eq.
(1) has been modified [6] to
where ρ i and t i are the density and height of the layer forming the IDT grating and the constant is equal to 0.455 (g cm −3 ) −2 , which has been calculated from the research studies performed by Bigler and Briot [7] for surface transverse waves with Al or gold on GaPO 4 . By using this equation the numerical predictions of the resonant frequencies of the devices can be calculated and compared with the experimental results.
Fabrication and materials
In this paper, a direct write e-beam lithography coupled with a lift-off technique has been used to fabricate interdigital transducers with maximum definition of the device structure, without damaging the surface of the substrate as is the case with ion beam or wet etching techniques [6] . The fabricated devices consist of two-port resonator with each IDT having 50 fingers, 50 wavelength aperture, 200 strips short circuit reflectors and 1.4 m finger width with a 1:1 finger to space ratio. A new piezoelectric crystal, gallium orthophosphate (GaPO 4 ), has been used as the substrate for fabrication. The GaPO 4 crystal has a higher electromechanical coupling factor then quartz, lower SAW velocity and a retention of its piezoelectric properties over a very wide temperature range (up to 930 • C), which makes this material a better choice than quartz for high temperature piezoelectric devices [8] .
The resonant frequency of GaPO 4 is less sensitive to the cut angle θ, which means that it has lower angular sensitivity and by having a larger bandwidth, the resonant frequency can vary within a wider range [9] . In this work, a new cut of GaPO 4 crystal orientation has been used, which is known as Y-Boule orientations with a 5 • cut. An additional advantage of the GaPO 4 devices is their self-cleaning property when they are heated up to 600 • C [10] . The surface of the resonator is automatically cleaned while operating at high temperature. To date, sizes of 3.5 cm × 4.5 cm GaPO 4 crystal wafers were available which are the largest size wafers available worldwide. This facilitates the fabrication of devices with fine features when compared to the earliest size of the crystal wafers studied for this application (from 1 to 4 cm 2 depending on the crystal cut) [11] .
Platinum (Pt) has been chosen for the electrode metallisation because of its high melting temperature (1768.3 • C), resistance to oxidation and nearly constant bulk resistance temperature coefficient. For good adhesion, a titanium (Ti) or zirconium (Zr) under layer between the Pt and the GaPO 4 wafer was used for the study. Three different Pt thickness as shown in Table 1 with the constant 20 nm Ti under layer have been used as a metallisation to study the mass loading effect and compare it with numerical predictions. Also in Table 1 , three different Pt thicknesses with the constant 10 nm Zr under layer were used for the same study. 
Results
By observing the S 11 parameter, the change in resonant frequency with different Pt thickness can be observed and these are summarised in Table 1 and Fig. 1. In Fig. 2 , the relative mass loading effect (expressed as a percentage change) due to different thickness is plotted against measured resonant frequencies of the SAW resonators, where Fig. 2(a) with Ti under layer and Fig. 2(b) with Zr under layer. It was found that by using the effect of mass loading on the resonant frequency of the devices [3] , the required operation at 434 MHz for ISM-band could be achieved from both under layers.
Two different Pt thickness (W1 and W2) for the Ti under layer, in the SAW metallisation were used to study the effect of thickness on the temperature turnover in the region where the temperature dependence of the resonant frequency starts to decrease. It was found that the differences in Pt thickness do not affect the turnover temperature to a great extent as shown in Fig. 3 . Both devices have nearly the same turnover temperature at 350 • C. The sample W6 with Zr under layer has higher turnover temperature at 430 • C as shown in Fig. 4 .
In Fig. 5 the resonant frequencies are plotted against time for W1 and W2. It was found that the calculated relative drifts of the frequencies were 10 ppm/h for W1 and 18 ppm/h for W2. One of the reasons for the drift was the gold bonding due to diffusion of gold wire into the Pt electrodes, which in turn influenced the behaviour of both devices [12] . Further the Ti under layer also oxidised at a high temperature during long periods of annealing as shown in Fig. 6(a) . The sample was kept at 600 • C for 192 h and the oxidation was much more pronounced after 120 h at 800 • C as shown in Fig. 6(b) . Also in Fig. 5 , the decrease of both resonant frequencies for W1 and W2 is shown against time. This is thought to be due to gradual diffusion of gold into the IDT pad in addition to corrosion of Ti under layer at high temperatures as shown in Fig. 7 . SEM picture of W6 after 144 h under 600 • C. 6 . By using Zr as an under layer, however, the devices were more stable at 600 • C as shown in Fig. 7 . The appearance of the white specks in the figure indicates the presence of dust particles, probably from the inner coating of the oven used in the experiments. The presence of cavities is also been identify in Fig. 7 , and these are caused by defects within the GaPO 4 substrate surface.
In Fig. 8 , the resonant frequencies are plotted against time for W6 and it was found that the calculated relative drifts of the frequencies was 2 ppm/h, which is an improvement over the samples W1 and W2. Also this value is positive due to the increasing values of the resonant frequencies. This also means that the effect of mass loading of the devices was decreased. In this case, there was no diffusion between the wire and the pads because Pt wire was used for the bonding.
Conclusions
In this work, a model of the mass loading versus resonant frequency for Pt with Ti and Zr under layer has been presented and compared with the literature. It was found that by using established theory presented in the literature, the desired resonant frequency of the SAW devices could be predicted for each case.
The high temperature behaviour of the SAW devices has been studied for the new cut. The S 11 parameter has been shown to be stable over multiple temperature cycles and independent of the electrode thickness. For improved long-term stability the thicker Pt electrode is more stable, compared to the thinner sample due to Au wire diffusion and an oxidation of the Ti under layer of the electrodes. Devices with Zr under layer were more stable and further investigations are being undertaken.
